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We show that N-polar GaN/(Al, Ga)N/GaN heterostructures exhibit significant N deficiency at the bot-
tom (Al, Ga)N/GaN interface, and that these N vacancies are responsible for the trapping of holes observed
in unoptimized N-polar GaN/(Al, Ga)N/GaN high electron mobility transistors. We arrive at this conclu-
sion by performing positron annihilation experiments on GaN/(Al, Ga)N/GaN heterostructures of both
N and Ga polarity, as well as state-of-the-art theoretical calculations of the positron states and positron-
electron annihilation signals. We suggest that the occurrence of high interfacial N vacancy concentrations
is a universal property of nitride semiconductor heterostructures at net negative polarization interfaces.
DOI: 10.1103/PhysRevApplied.13.044034
I. INTRODUCTION
Originally developed as special components for a super-
computer, HEMTs eventually proceeded to volume pro-
duction and were successfully integrated in a multitude of
every-day-use devices [1]. HEMTs based on III nitrides
grant higher 2DEG densities due to polarization fields
intrinsic to the wurtzite structure when compared to Si-
containing or GaAs/(Al, Ga)As heterostructures [2–4].
The direction of polarization, Ga or N polarity, strongly
influences the sheet-carrier density of the 2DEG. Tra-
ditionally, the study of GaN was devoted to Ga-polar
(0001) direction only. Recently, N-polar heterostructures
have gained interest thanks to their advantages for high-
frequency and high-power transistors. N-polar GaN-based
devices with record output power densities well beyond
Ga-polar devices have been demonstrated [5]. They offer
a substantial reduction in energy consumption of power-
distribution systems in cell phones, computers, radioloca-
tors, and industrial equipment as compared to GaAs-based
devices [1].
N-polar HEMTs with unoptimized barrier design and
doping suffer from large-signal dispersion and are sensi-
tive to light, issues attributed to the presence of donorlike
hole traps close to the valence band within the device struc-
ture [3,6–8]. These defects are identified to be located at
the bottom (Al, Ga)N/GaN interface of N-polar HEMTs.
The negative impact of the traps can be mitigated by an
appropriate design combined with Si doping, where the
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Fermi level is kept away from the valence band and the
trap level [3]. Unevenly distributed gap states have also
been observed in Ga-polar (Al, Ga)N/GaN HEMTs [9].
Nevertheless, the origin of the interface traps in N-polar
(Al, Ga)N HEMTs has remained unknown.
In this work, we show that the bottom (Al, Ga)N/GaN
interface of N-polar GaN/(Al, Ga)N/GaN heterostructures
contains nitrogen vacancies VN at high concentrations.
Nitrogen vacancies are deep donors in both GaN and
AlN [10,11], indicating that they are likely to be the
origin of the excess positive charge at this interface,
which can impact the performance of the devices if
not accounted for in the design of the epitaxial layer
structure. We arrive at these conclusions by perform-
ing positron annihilation spectroscopy [12] on both N-
and Ga-polar heterostructures grown by metal-organic
chemical vapor deposition (MOCVD). Earlier theoretical
calculations have shown that positrons act as interface-
sensitive probes in polar semiconductor heterostructures
[13].
II. METHODS
A schematic cross section of a typical N-polar HEMT
is presented in Fig. 1(a). The epitaxial structures studied
in this work are schematically presented in Figs. 1(c)–(e),
including three N-polar HEMT-like structures with graded
composition of Al from 5 to 38% in (Al, Ga)N:Si layer and
varying Si doping (c), constant composition (ungraded)
Ga- and N-polar samples with Al0.25Ga0.75N (d), and
Ga- and N-polar multi-quantum-well (MQW) samples
with four periods of Al0.4Ga0.6N/GaN (e). All samples
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FIG. 1. (a) Schematic cross section of a typical N-polar HEMT. (b) Schematic energy band diagram of N-polar undoped and
highly doped GaN/(Al, Ga)N/GaN heterostructures (after Ref. [3]). (c) Schematic of the undoped and Si-doped GaN/(Al, Ga)N/GaN
N-polar heterostructure with graded (Al, Ga)N layer, [Si] = 5.5 × 1018 cm−3/9 × 1018 cm−3. (d) Schematics of constant composition
(ungraded) N- and Ga-polar heterostructures. (e) Schematic structure of Ga-/N-polar MQW samples.
are composed of about 1.5-µm-thick semi-insulating (SI)
GaN base layers, followed by the (Al, Ga)N barrier lay-
ers and the GaN channel, which is positioned on top of
the (Al, Ga)N barrier in the N-polar direction. Substrates
with a misorientation of 4◦ from the a-sapphire plane are
used for the N-polar samples—the crystal misorientation
was previously identified as one of the key components
for a robust N-polar growth process enabling the depo-
sition of high-quality and high-purity N-polar (Al,Ga)N
films [14]. Details of the growth conditions are reported
in Refs. [15,16].
Figure 1(b) shows a schematic energy band diagram for
the N-polar GaN/(Al, Ga)N/GaN heterostructures in this
work, adapted from Ref. [3]. In the undoped structure,
the valence band is touching the Fermi level leading to
electron-hole recombination at the bottom (Al, Ga)N/GaN
interface, while in the structure with high Si doping ([Si] =
9 × 1018 cm−3), the valence band is significantly lower
than the Fermi level, thus preventing the modulation of
donor traps. The macroscopic electric fields drives the
positrons to the same interface as holes in the undoped
structure, causing spatial confinement of the positron state
at that interface [13].
We perform both conventional and coincidence Doppler
broadening measurements of positron annihilation radi-
ation with a variable-energy positron beam using
high-purity germanium (HPGe) detectors with an energy
resolution of 1.2 keV at 511 keV. The integration win-
dows for the S and W parameters describing the shape of
the Doppler broadened 511-keV annihilation line are set
to |pL| < 0.4 a.u. and 1.6 a.u. < |pL| < 4.0 a.u., respec-
tively. Operating two HPGe detectors in coincidence
mode enables accurate study of the momenta of the core
electrons, providing the identification of the chemical
surroundings of the annihilation site. For details of the
technique and data analysis, see Ref. [12].
We use ab initio electronic structure calculations to
model the positron states and annihilation parameters in N
vacancy-containing GaN/AlN superlattice structures using
256-atom (0001) wurtzite supercell, which is a 2 × 2 × 1
repetition of the cell used in Ref. [13]. The valence elec-
tron densities are obtained self-consistently via the local-
density approximation (LDA), employing the projector
augmented-wave (PAW) method [17], and the plane-wave
code VASP [18–20]. The positron states and annihilation
characteristics are determined using the LDA [21] and the
state-dependent scheme [22] for the momentum densities
of annihilating electron-positron pairs [23,24]. For com-
parison with experiments, the computed Doppler spectra
are convoluted with the energy resolution of the experi-
mental setup.
III. RESULTS AND DISCUSSION
Conventional Doppler broadening results for N-polar
heterostructures with graded Al composition (c) are pre-
sented in Fig. 2. High S parameter at low implantation
energies 0–3 keV results from positron annihilations at
the surface states. At an implantation depth of 50–250
nm, positrons probe the (Al, Ga)N/GaN layers. It is impor-
tant to note that the implantation profile widens with the
implantation energy, and the extent of the profile is roughly
twice the mean implantation depth [26]. The implantation
energy range 4–14 keV is thus characteristic of the bot-
tom (Al, Ga)N/GaN interface. There the effect of Si doping
immediately manifests itself in an increase (decrease) of
the S (W) parameter compared to the undoped sample.
There is no observable difference between the two dop-
ing levels, 5.5 × 1018 cm−3 and 9 × 1018 cm−3. Plotting
the S and W parameters with implantation energy as the
running parameter (see Fig. 3) from the surface to about
20 keV results in a straight line, for both the undoped and
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FIG. 2. S parameter as a function of positron implanta-
tion energy and mean implantation depth in graded design
GaN/(Al, Ga)N/GaN heterostructures. The region of maximal
difference between the undoped and doped structures is high-
lighted. The GaN reference parameters are obtained from high-
quality GaN:Mg where positrons only annihilate in the free state
in the lattice [25].
the doped samples, as the lattice state, surface state, and
Ga vacancy state are almost aligned as is typical of GaN
[27–30]. Hence the only conclusion that can be drawn from
the (S, W) plot in Fig. 3 is that the 100-nm N-polar GaN
cap on top of the (Al, Ga)N barrier contains a fairly high
concentration of Ga vacancy-related defects.
To get a better insight into the changes in the S and
W parameters, the positron data are analysed by fit-
ting the stationary positron diffusion equation using the
VEPFIT program [31]. Both the S and W parameters and the
positron diffusion length are fitted simultaneously employ-
ing a three-layer model for N-polar heterostructures. Due
to the complexity of the layer models, the absolute values
FIG. 3. (S, W) parameters for undoped and Si-doped
GaN/(Al, Ga)N/GaN heterostructures.
of positron diffusion lengths obtained with the fits should
be treated as indicative, and only the relative changes are
used as a basis for interpretation.
The fitted effective positron diffusion length L+eff in
N-polar heterostructures with graded Al content doubles
(from 15 ± 5 nm to 35 ± 5 nm) for the (Al, Ga)N layer
and grows over tenfold (from 5 ± 5 nm to 80 ± 15 nm)
for the bottom GaN layer when Si doping is introduced.
Importantly, an increase in the effective diffusion length
indicates a reduction in the positron trapping rate at defects
[12]. The low L+eff around the bottom interface in the
undoped heterostructure leads to the abrupt decrease of
the S parameter at a mean implantation depth of 100 nm
(6–7-keV implantation energy) highlighted in Fig. 2. The
backdiffusion of positrons in the doped samples induces
much more gradual reduction of the S parameter. Typi-
cally, a higher S parameter indicates more positrons getting
trapped at vacancy defects such as the Ga vacancy VGa
in GaN [32–34], or positrons getting trapped at bigger
vacancy defects. However, the increase in the S param-
eter is in this case associated with the increase of the
effective positron diffusion length. Note that Si doping in
(Al, Ga)N and GaN is known to slightly increase or not
affect at all the cation vacancy concentration, but not a
strong decrease that would cause significant changes in the
effective positron diffusion length [25,32,35]. This implies
substantial positron trapping at the bottom (Al, Ga)N/GaN
interface of the undoped heterostructure, with an interface-
trap characteristic S parameter that is lower than that of the
VGa-type defects.
The positron sensitivity to the defect states at the bottom
(Al, Ga)N/GaN interface is further supported by the results
obtained in the heterostructures with varying GaN-cap
thickness and constant composition Al0.25Ga0.75N layer
(d). Remarkably, the S parameter of the heterostructure
with undoped AlxGa1−xN layer with graded Al content (c)
is indistinguishable from that of the heterostructure with
constant composition as shown in Fig. 4. The top panel of
Fig. 4 shows that the effect of the reduced effective positron
diffusion length is most pronounced for the structure with a
100-nm-thick GaN cap, and hence is the choice of the cap
thickness for the heterostructures.
The design of the epitaxial structure of the MQW sam-
ples (e) is such that it maximizes the positron annihilation
signal originating from the interface of interest, as sug-
gested by the results in Figs. 2 and 4. Figure 4 shows that
the positron annihilation signal from the N-polar MQW
is similar to the undoped heterostructure with graded Al
content at depths below the GaN cap (shaded region).
At higher energies E > 20 keV the data for the N-polar
MQW structure do not converge towards the S parame-
ter of the GaN template due to the higher thickness of
the structure. There is a clear difference between the N-
and Ga-polar samples: the positrons are insensitive to the
possible defects present at the bottom interface of each
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FIG. 4. S parameter as a function of positron implantation
energy and mean implantation depth in constant composition
(ungraded) design heterostructures and MQWs (bottom panel).
The structures are N polar unless Ga polarity is indicated.
GaN-cap-thickness optimization. The most pronounced signal is
obtained from the sample with the 100-nm GaN cap referred to
as “ungraded” (top panel).
(Al, Ga)N layer in the Ga-polar samples as the positrons
are attracted to the top interface.
We further investigate the nature of the defect state
at the bottom (Al, Ga)N/GaN interface by performing
Doppler measurements in coincidence mode. The ratio
curves obtained at 7-keV implantation energy (shaded
region in Fig. 2) for the heterostructures with graded Al
content (c) and N- and Ga-polar MQWs (e) are presented
in Fig. 5(b), normalized to the GaN reference. The ratio
curves for the AlN lattice and for the theoretically calcu-
lated VGa (theory and experiment coincide for VGa [36,37])
are shown for comparison.
Clearly, the measured data do not contain any AlN
lattice-related signal as expected for a structure constrained
to the in-plane GaN lattice constant [13]. The ratio curve
for the Ga-polar MQW is close to 1 confirming that Ga-
polar structures from a positron point of view are similar to





FIG. 5. (a) Normalized coincidence Doppler spectra (ratio
curves) and linear combinations of N-polar MQW signal and
VGa for the undoped and doped samples. (b) Ratio curves of
the studied heterostructures measured at room temperature. The
structures are N polar unless Ga polarity is indicated. (c) Ratio
curves of the N-polar MQW sample and calculated VN for a dif-
ferent number of N vacancies at the AlN/GaN interface in the
supercell. The calculated curve for the AlN/GaN structure with
no vacancies (not shown) is indistinguishable from the structure
with 1 VN. Regions representative of the (S, W) parameters are
highlighted.
a.u., all coincidence Doppler spectra for the N-polar struc-
tures have higher intensity compared to the GaN reference,
indicating positron annihilation at open-volume defects.
At higher momenta, the signal intensities for the N-polar
samples decrease, also indicative of open-volume defects.
However, the ratio curve for the N-polar MQW neither has
the shoulderlike feature of VGa at 1 < pL < 1.5 a.u. nor can
it be modeled as a linear combination of unity and VGa-like
signal, see Fig. 5(a). This means that the data obtained in
the N-polar MQW structure, representative of the bottom
(Al, Ga)N/GaN interface, indicate the presence of open-
volume defects at the interface but this open volume is not
related to VGa.
The shape of the ratio curve of the undoped heterostruc-
ture with graded Al content (c) strongly resembles that of
the N-polar MQW (e) interface characteristic and can be
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represented as a linear combination of about 80% interface
and 20% VGa signals [top curve in Fig. 5(a)]. The VGa com-
ponent can be explained by the broad positron implantation
profile, where part of the signal originates from the GaN
cap. The Si-doped heterostructure with graded (Al, Ga)N
layer is clearly different: the closest match is obtained with
25%–30% of interface and 70%–75% of VGa, yet it does
not fully describe the shoulder feature at pL < 1.5 a.u. and
has lower intensity in the high momentum region [bottom
curve in Fig. 5(a)]. The weak contribution of the interface
signal to the coincidence data for the doped heterostruc-
ture compared to that for the undoped structure confirms
strong electric-field-driven positron trapping at the bot-
tom (Al, Ga)N/GaN interface and is in excellent agreement
with energy-band-diagram modeling [3] and predictions
for positron confinement in polar heterostructures [13].
The small fraction of VGa observed in the coincidence
data for the undoped heterostructure with Al gradient
and no VGa-related component in the interface signal [see
MQW in Fig. 5(b)] suggest that nitrogen vacancies VN
could be the key to a detailed understanding of the positron
annihilation data. Importantly, the MQW interface signal
is different from that calculated for the perfect AlN/GaN
interface [13], and in the case of (Al, Ga)N/GaN inter-
face it should in fact rather closely resemble the GaN
lattice signal due to the lower fraction of Al in the sys-
tem. Figure 5(c) shows ratio curves for the MQW sample,
representative of the bottom (Al, Ga)N/GaN interface, and
theoretically calculated AlN/GaN heterostuctures contain-
ing different amounts of N vacancies VN at the interface.
It is important to note that N vacancies placed elsewhere
in the supercell, irrespective of whether simple GaN or
AlN, or an interface structure is considered, do not trap
positrons and hence do not modify the calculated annihila-
tion signals. However, when positrons are already confined
in one dimension to the interface regions, the removal of
N atoms from the interface modifies the positron anni-
hilation signals to an observable extent. Comparison of
the theoretical predictions and the experimental data in
Fig. 5(c) gives strong support for positron trapping at open-
volume features involving VN (but not VGa) localized at the
(Al, Ga)N/GaN interface. A high concentration of VN leads
to such changes in ratio curves as the increased S parame-
ter and lower intensity at high momenta. If the VN are in the
neutral charge state, as is likely in n-type material [10,11],
they will not modify the electric fields driving positron (or
hole) confinement at the interface.
Nitrogen vacancies act as deep donors in both GaN
and AlN [10,11], and can hence act as hole traps in
these materials, and likely also in (Al, Ga)N alloys. Our
results on N-polar GaN/(Al, Ga)N/GaN heterostructures
show that there is significant N deficiency at the bottom
(Al, Ga)N/GaN interface, and that positrons are strongly
attracted to this interface due to built-in electric fields
when these are not screened by Si (n-type) doping in the
(Al, Ga)N barrier. The nitrogen vacancies are likely to be
in the neutral charge state at the interface, as a positive
charge would prevent the positron confinement. Impor-
tantly, significant excess positive charge caused by, e.g.,
ionized donors at the bottom interface would also mod-
ify the built-in electric fields in such a way as to prevent
positron confinement at the interface. Taking into account
the width of the quasi-two-dimensional positron state [13],
roughly 1/30 of the N atoms in the interface region need
to be removed for a noticeable effect in the positron anni-
hilation signal in the calculations. This suggests that the
VN sheet concentration is of the order of 1014 cm−2 in
the experiments, comparable to the sheet-carrier concen-
tration at the top interface of HEMTs [5]. Positron local-
ization at the bottom (Al, Ga)N/GaN interface due to the
electric fields implies a scenario where excess holes are
driven to that interface and get trapped at the abundant
N vacancies, causing the current collapse during opera-
tion observed in Ref. [3] for unoptimized N-polar HEMTs
with Al0.3Ga0.7N layer, and explains the improvement of
the device properties with Si doping of the (Al, Ga)N bar-
rier [3,8]. Interestingly, similar trap states are observed at
the complementary net-negative-polarization interface of
Ga-polar GaN/InGaN/GaN heterostructures [38]. Also, N
deficiency at the InN/GaN and InGaN/GaN growth inter-
face (In/Ga polarity, net negative polarization) has been
reported, observed through the increase in the number
of VN in VIn − nVN complexes dominating the positron
annihilation signals [39–43]. We suggest that N vacancies
can be a universal detrimental donorlike interface trap in
nitride semiconductor structures.
IV. SUMMARY
We show that N-polar GaN/(Al, Ga)N/GaN heterostruc-
tures exhibit significant N deficiency at the bottom
(Al, Ga)N/GaN interface, and that these N vacancies can
hamper the device performance through trapping of holes
in unoptimized HEMT device structures. We arrive at
this conclusion by performing positron annihilation exper-
iments on HEMT-like structures, as well as state-of-the-art
theoretical calculations of the positron states and positron-
electron annihilation signals. We observe strong positron
confinement at the bottom interface where the annihila-
tion signal indicates the presence of a high concentration
of N vacancies, but only in heterostructures where the
built-in electric fields are not screened by, e.g., n-type
doping of the (Al, Ga)N barrier. These built-in electric
fields act upon free-carrier holes in the same way as for
free positrons in the lattice, and N vacancies likely act
as efficient hole traps due to their deep-donor character.
We suggest the abundance of interfacial N vacancies with
detrimental donorlike character to be a universal feature
in nitride semiconductor heterostructures at net-negative-
polarization interfaces.
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